An acceleration in the growth of communications bandwidth in use and a rapid reduction in bandwidth prices have not accompanied the U.S. economy's strong performance in the second half of the 1990s. Overall U.S. bandwidth in use has grown robustly throughout the 1990s, but growth has not significantly accelerated in the second half of 1990s. Average prices for U.S. bandwidth in use have fallen little in nominal terms in the second half of the 1990s. Policy makers and policy analysts should recognize that institutional change, rather than more competitors of established types, appears to be key to dramatic improvements in bandwidth growth and prices. Such a development could provide a significant additional impetus to aggregate growth and productivity.
The U.S. economy's performance in the second half of the 1990s was much better than in the first half of the 1990s. Output grew much faster: U.S. real non-farm business output grew at an average annual rate of 4.8% 1996-1999, compared to 2.8% 1991-1995. Productivity growth also showed significant improvement between the first and second halves of the 1990s, with labor productivity growth rising to 2.6% per year 1996-1999 compared to 1.5% per year 1991-1995. 2 Understanding these beneficial developments and their implications for the future is vitally important in formulating a wide range of economic and social policies.
The U.S. economy's performance in the second half of the 1990s has stimulated belief that a "new economy", based on digital information processing and communications, is emerging. Empirical studies show that computer hardware, software, and communications equipment drove U.S. growth in the second half of the 1990s, 3 while the Internet and electronic commerce have attracted much public attention. 4 The preface to a report entitled "Digital Economy 2000" notes: "…confidence has increased among experts and the American public that the new, proliferating forms of e-business and the extraordinary dynamism of the industries that produce information-technology products and services are harbingers of a new economic era." 5 Another report associates over a half trillion dollars of U.S.-based company revenue in 1999 with what it calls the Internet Economy. 6 The European Union has conceptualized impending economic changes in terms of an Information Society, and it has launched an "eEurope" initiative to ensure that the European Union benefits fully from developments it considers "the most significant since the Industrial Revolution". 7 The U.S. growth experience in the 1990s and the perceptions of a new economy contrast sharply with trends in bandwidth use and pricing across the 1990s. Dramatic increases in bandwidth use and dramatic reductions in bandwidth prices that were predicted to occur in the second half the 1990s did not occur. Over-all bandwidth use has grown robustly throughout the 1990s, but growth has not significantly accelerated in the second half of 1990s. Reductions in bandwidth prices, in sharp contrast to reductions in computer prices, have not accelerated in the second half of the 1990s. With respect to communications bandwidth, the development of a new economy, and any associated impact on macroeconomic growth and productivity, appear to be still yet to come.
I. Bandwidth Expectations, Technology, and Use in the 1990s
Influential industry observers have long anticipated dramatic changes in communications bandwidth. In an article published in 1994, George Gilder foresaw a "bandwidth tidal wave," a "tsunami of gigabits." 8 Microsoft's Bill Gates declared in October 1994, "We'll have infinite bandwidth in a decade's time." In the same year, Andy Grove, Chairman of Intel, stated, "If you are amazed by the fast drop in the cost of computing power over the last decade, just wait till you see what is happening to the cost of bandwidth." Long-time industry observer Jack Rickard, then editor of a highly regarded trade journal and known for debunking spin and hype, declared in 1996, "…bandwidth across the board will increase by at least one order of magnitude every two years." He predicted that in the year 2000 U.S. backbone bandwidth would be 5 Gbps, while home users would have bandwidth of 2.88 Mbps.
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Developments in optical technology unquestionably have made massive increases in bandwidth possible. 10 An October, 1998 Nortel technology newsletter reported that, since 1996, Nortel had shipped more than 1,500 10 Gbps transport systems.
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In a recent column the president of Lucent's Optical Networking Group stated that over the past decade, optics' price-performance ratio has improved 100-fold.
12
To get a sense of the current state of the technology, consider these facts. An optical transport system scheduled for volume shipments in the third quarter of 2000 uses dense wavelength division multiplexing (DWDM) to provide, without opto-electronic regeneration, a total of 560 Gbps across a single 3600 km optical fiber.
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Routers with a rich set of packetforwarding functions are currently available that provide 160 Gbps throughput using a box that is half the size of the typical telecom equipment rack.
14 An all-optical wavelength router, scheduled to be commercially available in December 2000, will handle 256 40 Gbps data channels.
15
While technological developments have enabled vast increases in bandwidth, the existence of such technology does not necessarily imply its widespread deployment in wide-area communications networks. New transmission technologies work most effectively over new fiber strands that have enhanced optical properties. Thus new fiber deployment indicates an expansion of potential capacity via both an increase in the gross volume of installed fiber and an improvement in its technological vintage. Data indicate that growth in fiber miles deployed in the U.S. has been falling for over a decade. Table  1 shows that fiber miles grew about 25% per year in the beginning of the 1990s, while they grew about 18% per year at the end of the 1990s. The explanation for this trend is clear from Table 1 : local incumbents, who currently account for about two-thirds of total fiber miles, have reduced their rate of deployment of new fiber miles. 16 The trend in fiber miles deployed suggests that growth in potential capacity has not accelerated in the second half of the 1990s. While network providers other than local incumbents have been active in supplying domestic bandwidth, new local providers are not large enough to dramatically affect the growth rates for domestic bandwidth in use. New local network providers earned about 12% of total local leased line revenues in the U.S. in 1998.
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Surveys of end users and network build-out in major U.S. cities suggest that three or more major new companies are providing leased line services in large cities, and companies other than the incumbent local exchange company (LEC) provided about a third of channel termination facilities on a DS1 equivalent basis in those cities about 1998. 20 However, even if the bandwidth in use from new local network providers grew from zero in 1995 to an amount equal to 17 The RBOCs are the largest incumbent local exchange companies (LECs) in the U.S.; they serve about 80% of local switched access lines. 18 As Rood, Hendrick, "Indicators for bandwidth demand," Telecommunications Policy 24 (April 2000) 263-270 points out, U.S. international capacity statistics have significant weaknesses. U.S. international private line revenue statistics are particularly suspect because the revenue associated with international private line connectivity, such as international Internet peering, is not easily accounted for. As Rood notes, the high capacity circuits counts associated with these revenue statistics appear to be inaccurate. Aggregate international capacity figures can be highly distorted by the treatment of intermediate links. that of the RBOCs in 1999, the aggregate bandwidth growth rate from 1995 to 1999 would be only about 58% per year. Growth of bandwidth in use for Internet traffic has been dramatic since 1995, but Internet bandwidth is only a small part of total bandwidth in use. A careful study suggests that Internet backbone traffic grew 1000% per year in 1995 and 1996, but the growth rate fell to 100% per year in 1997 and 1998. Total Internet backbone bandwidth in mid-1998 was probably about 110 Gbps.
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As Table 2 shows, total Internet bandwidth is only about 2.1% of total RBOC interoffice bandwidth in use in 1998. 23 Thus the growth of total bandwidth in use is thus far not greatly affected by the rapid growth of Internet bandwidth.
The evidence and analysis above contrasts not only with expectations of industry leaders in the early 1990s, but also with some current perceptions of a bandwidth explosion. 21 It is worth noting that Quality Strategy studies showed that competitors had significant market share as early as First Quarter, 1994. Quality Strategies estimated that in 1Q1994 Bell Atlantic's competitors had from 25-35% of DS1 equivalent market share in Philadelphia, Pittsburg, Baltimore, and Washington, DC. See Attachment 2, Letter from Raymond Smith, Bell Atlantic CEO to Reed Hundt, FCC Chairman, March 23, 1995. 22 Odlyzko, Andrew, "The Current State and Likely Evolution of the Internet" [on the web at http://www.research.att.com/~amo/doc/recent.html ]. 23 As Andrew Odlyzko has pointed out in a personal communication, average capacity utilization of Internet backbone links may be about 5 times greater than (local) inter-office links. In addition, the interoffice bandwidth figure is the sum of all link bandwidth, while the Internet bandwidth figure is based on an estimate of 2.5 links traversed per packet. Thus, more comparably measured, the ratio of Internet bandwidth to total inter-office bandwidth might be about 15% in mid-1998. Such claims, which have expanded in generality and authority with repetition and distance from the source, have provided unwarranted support for the view that a communications bandwidth revolution has helped to create a "new economy" in the U.S. in the second half of the 1990s. 27 Recent evidence indicates that UUNet's traffic growth claims are based on a rather peculiar measure of traffic.
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Consideration of the more comprehensive and better documented evidence put forward in this section suggests a much different picture of bandwidth growth. The preponderance of evidence indicates that there has not been a dramatic upsurge in total U.S. bandwidth in use in the second half of the 1990s.
II. Trends in Bandwidth Prices Across the 1990s
A rapid decline in computer prices is an important fact closely associated with the development of a new economy. The decline in U.S. computer prices accelerated to 28% per year 1995-1998 from 15% per year in 1990-1995. Performance-price trends for computers are popularly described more abstractly in terms of Moore's Law: the performance-price ratio for processors doubles every 18 months. 30 In the second half of the 1990s, the period for doubling the performance-price ratio appears to have shortened 24 28 According to Rood, op. cit. p. 269, a UUNet source indicated that "…after long internal discussions inside UUNet, it was decided to use the bandwidth-distance product as a measure for the size of the network. This means that when a network of 100 route miles is expanded to a network of thousand route miles, and the new equipment installed on that route is operating at the same bit-rate as the original network, it is considered as a 10-fold increase of the size." 29 Jorgenson and Stiroh (2000) , Table 1 . These price statistics are based on an official data series that adjusts for quality changes. 30 As Coffman and Odlyzko (2000) note, Moore's law as originally put forth by Moore related to how rapidly the number of transitors per microprocessor chip would double. Now Moore's law is generally used to describe rapid improvements in computers' performance-price ratio.
to 12 months. 31 These developments indicate high productivity growth in the production of information technology and encourage investment in information technology capital throughout the economy.
The performance-price ratio for leading-edge optical communications technology also is improving rapidly. Table 3 Bandwidth prices do not appear to have fallen significantly for most bandwidth users in the second half of the 1990s. Table 4 shows average nominal prices per Mbps, on a distance-standardized basis, for four types of inter-office circuits that local exchange carriers offer.
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Prices decreased significantly from 1990-1994 but only slightly from 1995-2000. 33 Circuits that connect customers to telephony company offices ("channel 31 Gordon (2000), p. 10. 32 These indices are based on all inter-office circuits of the given type that Bell Atlantic (south) and USWest sold in the given year. See Appendix A. The circuit types are VG, a voice grade circuit; DDS 56Kbps, a "digital data service" circuit that provides a low-bandwidth connection designed to provide highquality data transmission; and DS1 and DS3 circuits, which carry either bundles of voice grade circuits or data traffic. 33 The FCC has made significant efforts over a long time to promote competition for inter-office circuits. In a series of orders beginning in October, 1992, the FCC required local exchange carriers to offer interoffice transport on a flat-rated, unbundled basis and required large local exchange carriers to offer collocation in their end offices. Moreover, significant collocation has existed for a long time. One legacy of the AT&T divestiture is that AT&T gained points of presence (POPs) collocated in RBOC offices. In terminations" or "circuit tails") show even less of a price decline. See Appendix Table  A2 . Given the large differences in bandwidth and price per Mbps among the different types of circuits in Table 4 , shifts among circuit types could have a major affect on average prices for bandwidth. But whether constructed using bandwidth weights or revenue weights, an aggregate index covering VG, DDS (56Kbps), DS1, and DS3 circuits shows only a slight decline in the second half of the 1990s.
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Such a price trend is much different than the sharp and accelerating declines in computer prices across the 1990s. Source: See Appendix B.
As Table 5 shows, significant changes in the mix of circuits have taken place across the 1990s. The revenue share of VG circuits has fallen dramatically, while the revenue shares of other circuit types have risen. While Table 4 shows that the price per Mbps is much smaller for larger capacity circuits, developments do not simply reflect a shift toward higher capacity circuits. The revenue shares for low capacity DDS circuits (primarily 56Kbps) has increased sharply across the 1990s. DS1 circuits still have by far the largest share of revenue and currently account for almost half of all leased line revenue. Although the revenue share for digital circuits with capacity greater than 44.7Mbs has risen over time, the revenue share of such circuits is currently only about 18%.
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These developments suggest that technology that dramatically reduces the price per Mbps for large circuits is not the key to reductions in the price per Mbps that typical users pay.
While the above average prices are for RBOC-provided circuits, new local competitors are not likely to be offering dramatically lower prices for similar circuits. Supplying local wireline bandwidth involves high sunk costs and low marginal costs. Firms with such cost characteristics have a strong incentive to avoid direct price competition. Thus, for example, competitors have largely shunned providing competing switched voice transport between local exchange carrier offices.
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This service is well established, with 35 Note that relatively high capacity circuits have been available for a long time; as early as 1991 USWest was selling 1.244 Gbps channel terminations. 36 RBOC annual access filings indicate that in 1998 only 3.5% of RBOC-terminated switched voice traffic was carried inter-office on competitors' facilities.
little opportunity for competitive differentiation. On the other hand, the absence of a well-recognized, neutral interconnection lattice in the industry means that leased line products are predominately structured as highly idiosyncratic end-point to end-point connections. Given the huge number of possible end-point to end-point combinations, the average level of price competition across all these possible combinations is likely to be quite low. 37 While there has been significant competitive entry in providing point-topoint bandwidth, the overall effect on average bandwidth prices probably has not been dramatic.
Establishing price trends for long distance bandwidth is much more difficult than establishing price trends for local bandwidth. Because long distance transport rates are not regulated in the U.S., 38 no comprehensive data are available on them. Prices for long distance leased lines in the U.S. vary widely and are often negotiated on a case-by-case basis with significant discounts available to selected customers. 39 Attempts to create bandwidth exchanges reflect the fact that the current market for bandwidth has high transaction costs and prices that only weakly signal broad industry conditions and expectations.
Recognizing these industry realities, one can nonetheless examine available evidence. Chart 1 shows AT&T's tariffed monthly rate for a 700 mile T1 (1.54Mbps) circuit. The trend through the 1990s is similar to that for channel terminations: a slight reduction 1990-1995, and a slight increase 1995-1998. Table 6 shows average monthly prices for T-1 (1.54Mbs) and T-3 (44.736Mbs) circuits according to Dataquest. These figures indicate about a 20% reduction 1995-1999. Other data show wider swings. According to a major industry consulting group, from June 1996 to December 1997 MCI's price for a 1000 mile 44.74 Mbps leased line rose 42%. Price indices from bandwidth exchanges show significant reductions in bandwidth prices for exchange-traded bandwidth. From June 1998 to September 1999 Ratexchange, a bandwidth exchange with relatively strong U.S. domestic operations, shows a 39% decline in its price index for DS3 circuits on major U.S. east-west routes.
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Chart 2 shows price indices from Band-X, a leading bandwidth exchange with relatively strong European operations.
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The Band-X world composite price index fell about 63% from October 1998 to July 2000. Larger price reductions occurred on routes with greater bandwidth demand. These price indices are for bandwidth traded on particular exchanges. While bandwidth exchanges are a significant industry development, they currently capture only a small share of bandwidth sales. Thus such price reductions should not be considered representative of aggregate bandwidth price trends. Despite the presence of facilities-based competition in the U.K. for over a decade, BT's price for a 300 km 2 Mbps circuit, based on the U.K regulator's estimates for January 1999, was about 40% higher than the price for a similar line in France and Germany and slightly higher than the price for such a line in Portugal. 44 These later three countries have undergone substantial liberalization only since 1998. A survey of U.K. leased line users found that 30% perceived a decrease in leased line prices over the past two to three years, while 50% felt prices had remained the same and 14% perceived an increase in prices. 45 The corresponding figures for the European Union as a whole are 50% perceived a decrease, 33% felt prices had remained the same, and 16% perceived an increase in prices. 46 Despite its ritual repetition, the view that competition has been dramatically driving down bandwidth prices for most users is not a view with much factual support. 
Chart 2 Band-X Bandwidth Price Indices
III. Conclusion
The growth rate of communications networks and the trajectory of bandwidth prices have not changed significantly in the U.S. through the 1990s. Expectations in the early and mid-1990s of a bandwidth revolution have not yet been fulfilled. The rapid reduction in computer prices in the second half of the 1990s is well connected empirically to the acceleration in U.S. growth and productivity. 48 A rapid increase in bandwidth in use and a rapid reduction in bandwidth prices cannot be connected in the same way to U.S. growth in the second half of the 1990s, simply because such changes did not occur. 49 When is a rapid, broad-based reduction in bandwidth prices likely to start? One knowledgeable industry observer, while calling past price trends a "great anomaly", predicts that data transmission prices "are likely to start a rapid decline soon." 50 The basis for this optimism seems to be that commodity markets for bandwidth will develop rapidly. Such a development would require a widely recognized structure of coordinating points for network service definition and interconnection. 51 Such a structure appears to be emerging, at least in major cities, despite a policy framework with a much different focus.
While optical technology has been advancing rapidly throughout the 1990s, current economic circumstances make widespread, economically significant use of these technologies more likely. In supplying a wide variety of services, considerable substitution among bandwidth, storage, and CPU cycles are possible. 52 However, such substitution is not perfect, and the vast increases in deployed storage and CPU performance are likely to raise the marginal value of additional bandwidth. In addition, the development of a relatively low transaction-cost market for wide-are bandwidth appears to be necessary to drive network service development and stimulate customer demand.
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Customers are likely to be less interested in bandwidth per se than in getting valuable applications that use high bandwidth. 54 The high valuations currently associated with optical networking companies indicate capital markets' belief that necessary changes in industry structure will be forthcoming shortly. 53 One of the surprises of the late 1990s is that users have been relatively slow to upgrade from 28.8Kbps/33.6Kbps modems to 56Kbps modems, which have been widely available since mid-1997. In June 1999 an industry observer noted, "…most people haven't upgraded their paltry 28.8Kbps modems to anything faster despite the fact that 56Kbps modems can be had for less than $100." See Dworak, John C., "Bandwidth Conundrum," Boardwatch, June 1999 [on the web at http://boardwatch.internet.com/mag/00/jun/bwm33.html ]. In January, 2000, 47% of U.S. homes with Internet access were using modems with speeds equal to or less than 33.6Kbps. Another 46% of home users had 56Kbps modems, while the remaining 7% had higher speed access. Based on Nielsen Netratings. See Lake, David, "The Right Tools for the Job," The Standard, March 13, 2000 [on the web at http://www.thestandard.com/research/metrics/display/0,2799,12809,00.html ]. 54 While the trade press is full of reports of high demand for DSL, DSL is an enabling technology that customers are not likely to value in itself.
Appendix A Further Discussion of Bandwidth Price Trends
Constructing bandwidth price aggregates from 1990 to 2000 involved considerable effort in data collection and coding. Bell Atlantic (south) and US West were chosen for this analysis because data for them was most readily available in a convenient form.
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Moreover, Bell Atlantic (south) is a relatively urban east-coast RBOC, while US West has the most rural territory of any RBOC. These two companies account for about onethird of RBOC lines. Industry experience and non-systematic data suggests that aggregated statistics for them are good indicators for the RBOCs as a whole.
Describing price trends for local exchange carriers' leased line offerings involves important standardization, weighting, and aggregation issues. For example, with different volume, term, zone, and distance plans, USWest has in the year 2000 435 different rates for fixed and per mile monthly charges for inter-office DS3 circuits. The number and structure of rates has changed significantly throughout the 1990s. In the figures in Table 4 in the text and Table A2 below, similar types of rates (fixed monthly charge, per mileage charge) are aggregated based on the previous years' demand. Rates have been aggregate across US West and Bell Atlantic (south) also using previous years' demands as weights.
Because the total price for an inter-office circuit depends on its length, and average circuit lengths have changed between years, the prices in Table 4 have been computed based on a fixed, representative circuit length. The circuit lengths used are 13, 15, 10, and 10 miles for VG, DDS 56Kbps, DS1, and DS3, respectively. These lengths are representative figures based on the average circuit lengths for USWest and Bell Atlantic from 1989 to 1999.
Leased line contract duration needs to be considered in constructing a price series. As Table A1 shows, contract durations have changed significantly across the 1990s. Longer duration contracts have lower monthly rates. For DDS, DS1, and DS3 circuits in the year 2000, the discount relative to a monthly contract is 10-15% for a 3-year contract and 20-35% for a 5-year contract. Term discounts for voice grade circuits are much shallower; under 5% and under 10% for 3-year and 5-year terms, respectively. A decrease in contract duration over time would mean that uncorrected prices under-estimate a duration-corrected fall in prices. As Table A1 shows, this is an issue only for DS3 circuits in the second half of the 1990s. Average contract duration for DS3 circuits has fallen from slightly under 4 years in 1995 to slightly under 3 years in 2000. Correcting for this factor in Table 4 would indicate a 10-15% reduction in DS3 prices from 1995 to 2000. Inter-office circuits are typically purchased from LECs in conjunction with other services such as installation services, maintenance services, multiplexing, cross-connects, and interconnections, and channel terminations. Table A2 gives average prices for channel terminations, which connect an end-user location to a local exchange carrier office. The prices in Table A2 are calculated in the same way as the inter-office figures in Table 4 , except there is no per mile charge applied to channel terminations. Average prices for DS3 channel terminations have risen significantly since 1995, while prices for VG and DS1 channel terminations have risen slightly. The overall revenue weighted price fell sharply from 1999 to 2000 because revenue associated with DS1 and DS3 channel terminations grew much faster than that for DDS 56Kbps and VG channel terminations. The rates covered in Table 4 and Table A2 account for about 85% of revenue associated with leased lines. Hence the trends apparent in those tables give a fairly complete picture of the aggregate price trends for LEC leased line services. Table 7 [on the web at http://www.fcc.gov/ib/td/pf/csmanual.html ]. RBOC inter-office bandwidth is estimated from Bell Atlantic (south) and US West annual access filings. The given figure represents the average amount of sold LEC inter-office bandwidth in use in the given year. Each link sold separately is included in the aggregate. Direct trunked transport (flat-rated LEC inter-office transport that carriers voice traffic that the LEC switches at its end office) is excluded. Aggregate figure for BA (south) and USWest was scaled to RBOCs using total local private line and special access revenue from FCC ARMIS data. Company figures are broadly in agreement with available bandwidth data from company reports. Anomalous US West figure for 1997 was corrected in light of data in company annual report.
Table 3
Notes: Year listed is year cable went into operation, with given available capacity.
Source: Hsu, Cathy, 1998 Section 43.82 Circuit Status Data.
Table 4
See Appendix A.
Table 5
Sources: Revenue breakdown by circuit type is based on BA (south) and USWest annual access filings. Interstate tariffed revenue is aggregated from all RBOC annual access filings, while total leased line revenue is the some of local private line and special access revenue from RBOC FCC ARMIS filings. 
